In this work, a one dimensional approach is presented for modelling the effect of the incidence angle, varying from 0 rad to π/2 rad, and the intensity of radio waves on the performance of a polycrystalline silicon solar cell under constant multispectral illumination. By solving the continuity equation in steady state, we derived the expression of the density of excess minority carriers, the photocurrent density, the photovoltage, the electric power and their dependence on the incidence angle and the intensity of the electromagnetic field is analyzed. Using the electric power curves versus junction dynamic velocity we determined the electric power lost at the junction, the maximum electric power and we calculated the conversion efficiency for various incidence angle and intensity of the electromagnetic field. The leakage photocurrent density, deduced from the photocurrent density curves versus junction dynamic velocity, and the electric power lost at the junction allowed us to calculate the shunt resistance of the solar cell according to the incidence angle and the intensity of the electromagnetic field. The numerical data show the negative effect of radios waves on the performance of a silicon solar cell.
INTRODUCTION
Photovoltaic solar energy is a very promising solution that can greatly contribute in solving the increasing energy demand. The performance of photovoltaic systems depends on a number of parameters such as ambient temperature, solar irradiance, sunshine duration, relative humidity, atmospheric concentrations of aerosols (harmattan dust particles for example), wind speed, wind chill and direction, rainfall, mode of installation and orientation (rooftop or ground-mounted) etc. [1, 4] .
In both rural and urban areas, photovoltaic modules are sometimes installed close to telecommunication antennas as television antennas, radio antennas or Base Transceiver Station (BTS). But it seems that photovoltaic modules and the silicon solar cells of these photovoltaic modules are sensitive to the electromagnetic field generated by electromagnetic emission sources. So, interaction between photovoltaic modules and electromagnetic fields or radiation have to be taken into account [2] .
Various researchers have used both experimental and theoretical methods to investigate the interaction between radio waves and solar cells and they arrived at different results.
Drapalik et al. [2] studied crystalline photovoltaic cells as both receivers and emitters of electromagnetic waves. As receivers, they con- cluded that the reception of electromagnetic radiation depends linearly on the cell area, at least at low frequencies (below 10 MHz). They also used two antennas, namely dipole and patch antennas to model the reception behavior of the solar cells. They concluded that the patch antenna may be used to roughly describe the reception behavior of the cells, much better compared to the dipole antenna.
EFFECT OF INCIDENCE ANGLE VARYING FROM 0 RAD TO Π/2 RAD AND INTENSITY OF RADIO WAVES ON THE PERFORMANCE OF A SILICON SOLAR CELL
Other researchers have also conducted theoretical modelling of the effect of radio waves on the properties of solar cells. Zerbo et al. used onedimensional steady state approach to study the recombination properties of silicon solar cells [10] . The electromagnetic field considered in their study was that produced by an amplitude modulation (AM) radio antenna of a given radiation power. For a given orientation of the electromagnetic field, they varied the distance between the solar cells and the radio antenna while the cells were being illuminated by a multispectral light. The study showed that the magnetic field component of the electromagnetic wave has negligible effect on the cells while its electric component influences the cells. They also observed an increase of the short-circuit photocurrent density and the leakage photocurrent density but a decrease of the open circuit voltage. In a related study, Zerbo et al. [9] studied the effect radio waves on the power output and conversion efficiency of a silicon solar cell. The study conditions were same as in [10] , except that this time the cells were illuminated by monochromatic light. Their study revealed that for a given wavelength of the monochromatic light, the open circuit voltage decreases while the short circuit photocurrent density and the leakage photocurrent density are increasing as the intensity of the electromagnetic field increases. A comparative study of the influence of electromagnetic field coming from AM and FM radio antennas on the power output and conversion efficiency of a silicon solar cell has been conducted by Zerbo et al. [11] . For a given type of radio antenna, they obtained the same conclusion as for previous studies [9, 10] but their study revealed that the FM radio antennas which produce low values of electromagnetic field have less influence on the solar cell than AM radio antennas.
In their studies, Zerbo et al. [9] [10] [11] , did not take into account the leakage photocurrent density and the related electric power to calculate the shunt resistance of solar cells exposed to radio waves.
In this work, we showed how the orientation and the intensity of radio waves can affect the efficiency of a solar cell. Firstly, we solved the continuity equation of excess minority carriers by taking into account the intensity of the electromagnetic field and its incidence angle on the solar cell before discussing their influence on the photocurrent density, the photovoltage and the electric power. Secondly, the electric power curves versus junction dynamic velocity (P-Sf) method is used to find, according to the incidence angle and the intensity of the electromagnetic field, the electric power lost at the junction and the maximum electric power which allowed us to calculate the conversion efficiency. Assuming that the open circuit electric power is lost by Joule effect at the solar cell's junction, we calculated the shunt resistance of the solar cell using the leakage photocurrent density, deduced from the photocurrent density curves versus junction dynamic velocity.
THEORETICAL BACKGROUND
This study is focused on the base region of a polycrystalline back surface field silicon solar cell (Figure 1 ) with the following assumptions:
• the base contribution to photoconversion is greater than that of the emitter [8] .
• the p-type base is quasi-neutral (Quasi-Neutral Base assumption) so that only the junction electric field will be taken into account [6] .
• the temperature effect on the performance of the solar cell is not taken into account [7] .
• the solar cell is submitted to the action of a plane progressive monochromatic waves linearly polarized and propagating in the sense of the increasing z [9] [10] [11] .
• the electromagnetic waves meet the solar cell with an incidence angle θ.
• the origin of space and time is chosen at the moment when the electromagnetic waves meet the solar cell [9] [10] [11] .
• the magnetic field and the electric field of a plane progressive waves are related by the relation [9] [10] [11] :
• the AM antenna is isotropic and radiates a power P r (W) in free space, so that at a distance r (m), the electric field intensity E 0 (V /m) of the electromagnetic waves produced by the antenna is [3] :
When the solar cell represented in Figure 1 is illuminated with a multispectral light and submitted to the action of an electromagnetic field, four major phenomena occur inside it: carriers' generation, recombination, diffusion under magnetic field and drift in presence of electric and magnetic fields. In one dimensional approach and steady state condition, the continuity equation relative to the density of minority carriers (electrons) photo generated in the base region is:
In Equation (1),
is a coefficient that characterizes drift phenomenon in the base of the solar cell.
is the electrons mobility in the magnetic field,
are the electron diffusion coefficient and diffusion length in the presence of magnetic field with incidence angle. d(x) and G(x) are respectively the density of carriers and the optical generation rate of electrons-holes pair for a multispectral incident light.
The solution of Equation (1) which is the density of excess minority carriers is:
where:
The constants A 1 and A 2 are determined using the two boundary conditions:
• At the junction of the solar cell (x = 0)
• At the rear side of the cell solar (x=H)
Sf and Sb are respectively the junction dynamic velocity and the back surface recombination velocity. Sf is the junction dynamic velocity and it quantifies the flow of excess carriers through the junction [12] . Therefore Sf defines [12] . Conversely, high values of the junction dynamic velocity (Sf ≥ 10 6 cm.s -1 ) are related to low values of the external load resistance: the solar cell operates near the short circuit [12] .
The expression of the photocurrent density is derive from the density of the excess minority carriers using Fick's law at the solar cell junction:
where: q is the electronic charge.
Using Equation (3.a), the previous equation can be written as:
The expression of the photovoltage across the solar cell junction is expressed using Boltzmann's relation:
where: V T is the thermal voltage, N B the base doping density and n i the electrons' intrinsic concentration at thermodynamic equilibrium.
The expression of the electric power delivered by the solar cell to an external circuit is:
Knowing the maximum electric power delivered by the solar cell, the solar cell conversion efficiency is calculated using Equation (7):
P inc = 100 mW/cm 2 is the power of the flux of the incident light in Air Mass 1.5 standard conditions.
RESULTS AND DISCUSSION
Using the mathematical formulation above, the simulations are conducted for various incidence angle of the electromagnetic field, various intensity of the electromagnetic field and various operating conditions through the dynamic junction velocity.
The modelling of the effect of the incidence angle is made assuming that the power of radiation of the AM radio antenna is Pr = 2 MW in free space and the distance between the solar cell and the radio antenna is r = 50 m. Therefore the intensity of the electromagnetic field is: E 0 = 154.9 V/m and B 0 = 5.162×10 -7 T. For the modelling of the effect of the intensity of the electromagnetic field, θ = 0 rad is used as incidence angle.
The intensities of the electromagnetic field according to the distance between the solar cell and the radio antenna are given in Table 1 [9] .
Photocurrent density

Effect of the incidence angle of the electromagnetic field
The curves of photocurrent density versus junction dynamic velocity are plotted in Figure  2 for various incidence angle of the electromagnetic field.
The curves in Figure 2 show that, for incidence angle varying from θ=0 rad to θ=π/2 rad, each one of the curves of photocurrent density is in concord with the traditional curve of photocur- 0 rent density of a solar cell under electromagnetic field. Except the curve of θ=π/2 rad, for which the electromagnetic field has no effect, we notice an open circuit photocurrent density or leakage photocurrent density. This leakage photocurrent density decreases with the increase of the incidence angle. For an incidence angle varying from θ=0 rad to θ=π/2 rad, ( ) cos 0 θ  , the photocurrent density at the junction of the solar cell is the sum of the diffusion current density and the drift current density. Therefore the drift current density is responsible of the leakage photocurrent density in open circuit.
Effect of the intensity of the electromagnetic field
The curves of photocurrent density versus junction dynamic for various intensity of the electromagnetic field are plotted in Figure 3 .
The curves in Figure 3 show that the open circuit photocurrent density or leakage photocurrent density decreases strongly while the short circuit photocurrent density decrease slightly with the increase of the distance. The increase of the distance corresponds to a decrease of the intensity of the electromagnetic field. Therefore, the presence of an electromagnetic field near a solar cell causes a migration of carriers through the junction of an ideal solar cell. In fact, the leakage photocurrent density is negligible at the junction of an ideal solar cell because of the high value of its shunt resistance. The migration of the carriers through the junction creates a Joule effect for high intensity of electromagnetic field.
Open circuit photovoltage
The results of previous work [9] [10] [11] have showed that the effects of electromagnetic field intensity are more noticeable in open circuit. Therefore, the modelling of the effect of the incidence angle and the intensity of the electromagnetic field is focused on the open circuit photovoltage.
Effect of the incidence angle of the electromagnetic field
In Figure 4 , we plotted the curves of the open circuit photovoltage versus incidence angle of the electromagnetic field.
The open circuit voltage increases while the incidence angle increases from θ=0 rad to θ=π/2 rad. In fact, when the incidence angle increase the effect of the electromagnetic field on the solar cell decreases. The migration of the carriers through the junction, that gives rise to a leakage photocurrent density, decreases resulting in an increase of the open circuit voltage.
Effect of the intensity of the electromagnetic field
We plotted in Figure 5 , the curves of the open circuit photovoltage versus the distance between the solar cell and the antenna which corresponds also to the intensity of the electromagnetic field. The curves in Figure 5 show that the open circuit voltage decreases while the distance decreases and that corresponds to an increase of the intensity of the electromagnetic field. Indeed, the existence of the leakage photocurrent density in open circuit, which increases with the decrease of the distance, is responsible for the decrease of the open circuit voltage because some carriers cross the junction resulting in a reduction of the quantity of carriers stocked at the junction.
Electric power
Effect of the incidence angle of the electromagnetic field
The curves of electric power versus junction dynamic for various incidence angle of the electromagnetic field are plotted in Figure 6 .
The curves in Figure 6 show that, for an incidence angle varying from θ=0 rad to θ=π/2 rad, the electric power is not null in open circuit while for θ=π/2 rad the electric power in open circuit is null. For a given distance or intensity of the electromagnetic field, the electric power in open circuit and the maximum electric power are decreasing function of the incidence angle. Thus, the leakage photocurrent density gives rise to the electric power in open circuit. This electric power is lost at the junction by Joule effect. It is well known that, in the Shockley five-parameter model of a solar cell, a shunt resistance represents the leakage current along the edges of the solar cell [5] .Therefore, the open circuit electric power is lost in this shunt resistance by Joule effect. Thus, knowing the electric power lost at the solar cell's junction and the leakage photocurrent density we calculated the shunt resistance using Equation (8):
In Table 2 , we give the values of the electric power and photocurrent density in open circuit, the maximum electric power, the conversion efficiency and the shunt resistance according to the incidence angle of the electromagnetic field.
The results of Table 2 show that the maximum electric power, the conversion efficiency, the open circuit electric power (electric power lost at the solar cell's junction) and the leakage photocurrent density decrease with the increase of the incidence angle of the electromagnetic field while the shunt resistance increases. The increase of the incidence angle of the electromagnetic field corresponds to a decrease of the effect of the electromagnetic field on the solar cell. The increase of the shunt resistance of the solar cell contributes to improve the quality of the junction of the solar cell and consequently a reduction of both the leakage photocurrent density and the electric power lost at the junction
Effect of the intensity of the electromagnetic field
In Figure 7 , we plot the curves of electric power versus junction dynamic for various intensity of the electromagnetic field or distance.
The curves in Figure 7 show that, for a given incidence angle θ=0 rad, the electric power in open circuit and the maximum electric power increase when the distance between the solar cell and the radio antenna decreases (the intensity of the electromagnetic field increases). The electric power that appears in open circuit is not used by an external circuit but it is lost by Joule effect at the junction.
In Table 3 , we give the values of the electric power and photocurrent density in open circuit, the maximum electric power, the conversion efficiency and the shunt resistance according to the distance which is inversely proportional to the intensity of the electromagnetic field.
The results of Table 3 show that the maximum electric power, the conversion efficiency, the open circuit electric power and the leakage photocurrent density decrease with the increase of the distance between the solar cell and the radio antenna while the shunt resistance increases. The increase of the distance between the solar cell and the radio antenna corresponds to a decrease of the intensity of the electromagnetic field.
CONCLUSION
The performance of a silicon solar cell under the influence of radio waves has been investigated.
From a one-dimensional model, we pointed out the effects of the incidence angle and intensity of radio waves on the conversion efficiency and shunt resistance of a polycrystalline silicon solar cell.
It appeared in this work that, for an incidence varying from θ=0 rad to θ=π/2 rad, ( ) cos 0 θ  , the photocurrent density at the junction of the solar cell is the sum of the diffusion current density and the drift current density. Therefore in open circuit the drift current density, due to the migration of the carriers through the junction, gives rise to a leakage photocurrent density and an electric power lost at the junction by Joule effect. For a given intensity of the electromagnetic field, the open circuit electric power, the leakage photocurrent density, the maximum electric power and the conversion efficiency decrease with the increase of the incidence angle of the electromagnetic field while the shunt resistance increases. This study also showed that for an incidence angle such as θ=0 rad, the leakage photocurrent density and the open circuit electric power decrease strongly until their cancellation with the increase of the distance between the solar cell and the radio antenna. The numerical data are evidence of a decrease in the maximum electric power and the conversion efficiency with the increase of the distance between the solar cell and the radio antenna while the shunt resistance increases.
The solar cell studied in this article is an ideal solar cell and so the leakage photocurrent density and the open circuit electric power at the junction interface are neglected resulting in a high value of the shunt resistance. Consequently, the presence of a leakage photocurrent density and an open circuit electric power at the junction interface leads to a reduction of the shunt resistance and a Joule effect. The decrease of the shunt resistance and the Joule effect affect the quality of the junction of a solar cell and so its working. Therefore, solar cells have to be far from radio antennas or telecommunication antennas which are able to create strong electromagnetic fields. 
